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Step 2
Left ventricle, 02
Step 4
Dual ventricle, -45°
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Right ventricle, 452

!-_.‘ A4 ¥4 4 s A
5‘:‘:‘:‘:1:_: :h: :1‘|. "'"n.‘-.."-;"n."r.1'-.."'n."-"J."-..'H."'n.‘-.."1.":."-.‘-,"-":.'1.‘
A RN g gty g,
4k o+ h ok h Lk ow b | | LI I B B ]
] A 44 - EE L ]
Eii!ﬁiiiiii 1 LI I
11-. L A | ‘lj\'n# ‘-h L | I"a‘i-qq"a.‘
= E - i = &
ki"i * ii.‘i“‘i“.. | | - [ ] i‘ii
EEEETEER - IR
EIE L T L Y 1 - 4 &
+ 4 4 - 4 4 ¥ 1 4 4
n LI IR T )
L] + -l-l-'!-h‘_.\.
i -
v Wbt
n R
- ]
n Akt ok h
4 LI N I
1_. 1._'-._1-__4‘-. -"t
1 E RS
- AR R]
| | 4 bk hh ok
L] iihii-‘
L BN PR B B A A



U.S. Patent

Combine ventricles before

Nov. 12, 2024 Sheet 15 of 16

inning

inning

final sp

After final sp

% % T T YRR YT RO OROYORORORY Y W ERE R Y B EE R R R R R R R R R R R EEE YRR EEEE ST RO OROYTOEOROYOREOROY YRR R Chohhochhhhh o h ok h ok h o h o h ko H
LI I LI
LI ) LN I

LEL L I B B B D D B D D O D D L D D D D B L
L N N B L N B L R B N B N N B N B I R B R B

- L3N L I N B B N I B B - 4 L I N B + + + +
LI L LIL L R DL DR DL D DR DL DR DR DR DL DL DR D O D DD B N B O O
] L3N LI I )
L L L LI IR IR D B DE DE DE D DR UE D DR U D U BN O B N
LI LI
L I L I
] ]
L L
L L
L L

Bk kBB KR KRR R E R R EE R R R R R ER
B b kB kK E R E AR E R R E AR R RN R EER
& kB Bk EEEE LK EELEE NN EEE R
Bk b B K kR EEEE R R R R LR E RN u
&k kBB KR KRR R EEREEREEER
EEEEE E k& kB EEHN
& k& & B K E A E AR N AN EEESR +« + ¥ v r v+ rr
L E E E k &k HEEEEEER

L
* 4+ & r hohF v ko

] LI T T I T B T T R T T R T N N L I e e I )
L L R T R R e R e e T O T T T T R T T T R T N N |
HE R EER [ ] w1 1T 7T 7T 7T T

H & Bk B E RN
I-I E E EEEN

[ d
L
L
[
LN
= P
& & & F & & F F FFFFFanR
- FF

-
L UL B N B B N B B ] - -
LU B N N N N N B N N N B N N B B B B B B I ]

*
[
[

L
L
L)
L

4 4 % % 4

[ J
*

*
[
L
[ ]
*
[
[ ]
L}
[
+
*
[ B B

[
-
L
[ d
+ &+ & & F
*
 + + F F
-
L]
& o ko
*
-
+
*

% ok hh F A h okt hFFFFFrr At
-

%+ 4t h e+ trtFrtrtrrrrrrrrrrrrrTTdFTTTTTT Yt R
T T T TTT T

[
- &
*
P
+ *
P
+ *
+ +
o+
+ *
i+
+ *
44
+ +
44
44
14
44
44
g
4
a
aa
2T
a g
g
1 a
a g
g
1 a
2

+ + + F F v F rrrarn 0
+iii++++'r'r'r

LI I 1
+ v ¥ + v v 1 r o111

-

 + + & & & ¢ F FJ FFFFFER

o o
L
o+ F
[ B
L B
LA
[ B B
-

L
L]

[

*

[ ]

-

*

[ d

*

[ ]

+

+

1

4

+

+

+

+

1

4

4

4

4

a

a

4

a

a

4

4

a

-
 h + FFFFFEFEFEA
L I I N N
- + + &+ + F F F T

-

*
*
*
+
+
+
+
+
4
+
+
a
a
4
a4
a

HE F FEEFFrFsEns
" F FFFrFrFErrrr
A FFFFFFFrFrFrFs-s
[
+
+
+
+
+
+
+
+
+
4
4
a
4
a
a

]

L

L

" EE

" ER
L

" kN
B B E R

" E N
]

L T T 7T T T
I..I " hh Rt FTTTTTYTTY YR TTTITTOT OO
LN B % 4 4 4 hddFFrrr T YT TYTTOAT T T A
L E & 4 4 d 4+ dF+ddhrrrd oo
L EB% 4 4 hd Attt rrTTTTCYTIOT TN
L3 I Bk 4% d 4 d F A+ FFFrrr o Frr T T T 7" 7
L HE % &% 4 d 4+ dddFrdrr oo L]
EEEE "%k dh Attt ETTTYTT

L I ) Ll T T o
EhE kR LI B B B D O I D D N D N

L T4 T TTTTTN
L I " %" % hdhdFFFFFEFFEEFETTTETTYTTT

L LI L L N N N N N D N R
EEEE + * 4+t ++FtTrt+trrTrrrTTA
HE R + 4 + + + ¥ v F F rrrTrTrTTra
I-I‘I  h dddFFFFErF T LI |

-
T r T TrrTrTrTrrrTrrrrrrrarrrrdrdEFdFororororordtFt o FFFFEFFFEFFFEF DDA F A A A A F A FFEFFFFFE A FEFE A FFFEFFEFEFFEFE A FH

US 12,139,821 B2



U.S. Patent Nov. 12, 2024 Sheet 16 of 16 US 12,139,821 B2

Zoom-in Septal

Wl
e

L L, L L N R
Fh ok 9] [ k4 W Lk
P R RO L ®
LI LY LY LY -k
Ak E N Fohh kLR U LIL LY
T T T T T L N e N R e LI AL AL AL LN LA L]
- - 5 ., 3
= -
et e T e e T e T T L L T Y N -i'q'-."-*i. u*p*u‘u*p‘i."i"p. ql-‘-‘.“i‘i"h "t"'q.h.."'i"q. hﬁ.*i..‘i
r v rerrred+ + bkt hddhhhhhhdd LA L Y E4EEELEN i Y I 1 kN L4
R R I E R EE R I E E N L L = r n E &R [ - L] L
rTrorror v At A+ ok ok kB A kLAWY LY L x = u L] LI L] L N L
LRE DL L N | +-".|-".‘.|."'...".'.*q"'.."q."q*..“‘11q“‘1.‘1‘q"‘1"q . ‘|_'l..| '|.-‘ L l..'l-_‘ll -l*'l.q l‘i._‘l
i - ] ] = b
e J-‘-r'i."JJ'i"-i"-. st e R e M ittt 1" I-I-I-\l s -
N N N A EEE T E A e " %k h % F X EY LY - E LI -
LN E N EEE T ] LR EL] - L r ' =R *
T T e e T N e "t Sy T e aten "h et . L L
-
L N L P TR S BT Y h v L] L hen b s awhrh L] r h v L ML S BT
I Lk 1k ik - 1 iy LI ] L] [ - s X M LAk e
BN Es B e iy 'y ut Y T e L Yafata - L R R AL,
LR L E R E Y LI L] + & LY 4 = ET ., W, L] LIEAN EY RS
Tor ok kAt h F Ak kT koA LY L ] L] * = m LY X i
e e e e e T e e e e e A e e "'l. L ) " > A q_‘d:" L R A
Ty a -k a -
PR R ‘-“l.‘-q‘-‘."l.".l‘l"-‘.‘b"-"h et h"hhb‘i“h“p‘i" L .J‘:;"‘q_"‘u *-p-" * p"a-"u "::' tot L R
LR EN R E R I E T E R N A A L N ] E W X W L3 W b Y L a1 1] -
T T+t + F+ + r A ochohkrh kLR = 2 R F L W g U " e ) [ ]
T F+ %+ o+ hch ok Aokt k L LY 4 B kLN " i T W ) L] L] 13
!l‘lﬂ-'l-.'!l'-l-‘““1‘1-‘!-*1‘!-‘1-.1‘1-‘1-‘1 L] !‘1-‘! T hoF 1‘\.‘!'1-:-! t"ﬂ."ﬂ_"{‘ .:l-'i..'ﬂ_l“ T l|. T I.I.I AT '-l -I-"! L 1-‘1. *
] L [ LY L - 4 CL S
AT e e e h."-i"-l. -+ i‘-l."l."‘i.hi ok '-I"h ihi"h -i.hi"ih L q:“'q_‘u_*t" *1“'1_"[*1-_4' L] L) 't'p, HHI*-I.‘HHH*-I.. p.ha."'thq."'h#-iht N
T v b+ + + d b b hdch [ L il T n L X ] LI ] Lk e
LR R EEEEE RN > LM NT T L] LY L)
+'r-'r‘f"+"+‘-l. !-‘I+4i4‘l‘1-b4ilil+"r LR E NN '|.I|I q"q. q_.'ql" n q_"q_"', - l|.l|"'.-I|I 'd:"'ll, ‘mE ! '-_::l"',
- a a2 r a LI PN N P TN M L] L, ] | e ] L | rE R A TA T A Rt A i h AL
4 ¥ i N - = [y - ] - = : W i W, W W,
P R e L N T T = LI t't!."'l"'n.{! t‘::q' -F-#’ﬁ.tlﬁ}ﬁ’.t...hltf 1-.* " W, 'Il'..__’l. M. li‘_-ll:* .
LR I EE I EE N A R A R ] L) LA W B N L] u L K
N EEEEE LY * * L L L W kY 'y x W K W N .y
T % T 4+ 4+ + kAN Aok LY LY [} ar q_qq,‘q_{_ " LAY .""'h.""'
‘-"“-‘1""iqi‘!‘l-q'!"u‘!-.1‘51"4‘1.!‘h‘*’ﬁli--**'nﬂih"' t.'-t" 5 L ] 'tl'1. .l ﬂ.'t':il. b
1k b7 4w b 4 b bk owd ke hch kb hchd ko :iu_"‘u. W 3% W, W
T+ 4kt bk k44 hLdch % Thd L kA kLLELG WX m L] - X L
4 A L L L . e S
L L | L
" L iy = l‘l:*"l-
L] L] t’: M N
L1

o

o
L]
o
'Hli
-
L

] - on
.l-l-‘l*'.ll".l L i

ool i

e
L]
L]
A
x N

LI RN I I L B L L P R L L L
a 1 nw r L awd bk -k LI -
+l--i+l.Liﬂii‘{lt"i"i-‘biiH‘ii“b.
+ + 4 4 4 Ak hdh hdld%LANEAE
+ + 4 4 4 d 4 4 F RS S AS S FEYEER

E A I I I T T T T U
L
-r'i--'-.--'-‘l.qj-'-‘l.‘iqﬂ‘h‘i‘h:h‘b‘i“h:h:‘:

o

"a

[
Fg
o
o
)
-

-
 J
Al

L]

»

T ot )
A

-
Fr
o "

n
A

o

o4

i
I‘h

- L] "q_ -'_ﬂ =
TR FT AME R e L e 1"-, n "h, e
P n"1..'-u.1|."n.l"|.."1."u"n."'i “i'_li-‘_i-* . p*:-p.‘u'u. q.ltnn:‘-i! -t*'ll. Ii*‘ir- L
IR EREEEENE LR LN AR 4 Edan L L Lx n, E ¥ Y
N EEEREEREREER K" * N > L] | ) 0 | = u -4
+ + ke ch ok Ak ok R R X EEALR L X LI ] W L83 x m
L LT T N N R L P L L PRI N L L] :rh.‘ q_q,q o™ AT T T Ty L
. L ALY h
J'+lr'_"'||i'r‘i-.qi'r‘.ll-'_‘i-‘ia‘i.hlt‘i'. - ‘-1“* ‘p‘t"h"h"h" L L L H:;H q:t:h:‘ -1"_* ‘l‘l"u'l"&.‘l"hhh
x L] £ LY L | "1'! X m X m £
L L x5 LI ) [ -1 L3
EY [ L2 | = xu
h LA - ah >
L "I-"_-l'Ill § .Hl:llh. *-Il: *_11
- = a L | L]
L * n, L
- En L] ra LA
L] .It'l'- L] iltn-
- o, . e -
. i -
- E ] ] [ »
U > R 4 m >
LR LT B R R 'I‘h‘l-"! H-l 'I-‘H-H-l-"-l.I"I" y h-l. .H. l'l-‘l I"I'
1'+'i."|..‘-|,-1."n.‘-i"i"n.ti‘i"h*q."lhi."a.*il'n"h"«."u'u‘t‘ * L*i‘-l. ] -p"u'- L "1..' wta
+ 4+ 4 h k-l %A% WLk ELA " En 1 h B H 4 E N X L) LY ]
L T 4N K FINEFHN * LI ] ] LI
] LU B AL ] ] mraEETLE
L) LI LN L PN Y + o - E ] , L , L LI L N N
“'1': :"lhhhi*l..l*ltunlh}t L] H._il'l - l*l*l"uhb*:"l.l*'.l:': b h, ok L J .il Hl‘.l- L ] h._i ]
* [ L i) ]
»u [ LY > m X u ]
Lt T L] =T TR "t L ] | | FTYTEETE R
H‘H-:’ L H‘k:t'l.‘ﬂ.!'*-h"t"l‘-h‘llhhh . ..H. .'l-“t.‘i F*."r.'l H'H - Watuty " L X * b b ] N L *'l-‘t“ﬂ-l'l;hhh
E 4 N AEE*kEL 1 LA N LAk E4 N N+ N EECALESTEENESENSEL+da 4 mw L] , , , + a4 d Ed B L &
] X 3 L LY ok = u ¥ u EEw [ LY *E Rk
L] | 4 | I 4
LI B LT T l‘l ".‘H-ll'ﬁ-*l-lli‘!‘l il"rb ‘n l.ql"r‘i 'I"I.l-l-‘!-l - ":‘
"'1."1."-."1’1.-.."J."h‘n."i"n."h"'i-‘n."h"a.‘i"h"p.tquu'u"'}" * HhI*H.‘ wh T L b
- "R kLR AU L] - +n = 1
- L] LR L] =
LY N | ] e b A
- *F‘l - et et et L
. ]
ru X u Ex L
n " . n L] [ ] e
L) J o, LNE LN L L e LI RN ]
lhl.‘l l‘. “'-_".ﬁ’::'l "l*:‘l.lhi-*l'l"h":.hnhl"i n "l*:.*l'lha-il.l.
x 3 t"‘.llq_ L FiLE R4 1 1 ] L LY
L ) 1 ] L N LW L) Exu X Ll
I'I" Ta l.'ht}\.' !r:"l o .I‘r‘l.lt-l"l.l-l’! I-l- L] - r'll.ll.r'll-.l I'I' n
ur "y ‘n -th:iuﬂ." :t':\.“'\l Hiﬁ"iuﬂuﬁfﬂ“t‘hﬂ-‘hhb‘h‘h L i;-tuli-#ail“t‘!:_*f- L
r T I.l‘ltl_ 3, 3 HEdEEA kR L] 3 E N Ed "‘q_-l.l
L IR L I , R W OREE = m, " EEEF LY A - | N , ,
4 F 0 WL AN T % %4 B kAN EF%®HE F“i‘l‘!ii LI ) -l':l..'l_ ?l:"ll. L1 I.l"l-.l I-t‘l l"'lllu I | - L] ] l.“.i. l,'l' n
LRI RN ENEREREELANEEXLEEERRE NS AR - = & 4§ - % =4 ¥ 5 = 4 L P FER- ' H A ru A TE TR LT L] - %R L L TN L3 +
Fl & 9] ik R - y W o ko
P, i'i-h.*i 1."- £ i"'- - 'q"l.l'h"';i."hhh"'l*u'l .l.“l-'i-l.‘-“i'h-“"-r‘-r i :."n 9 \ 3 l._*‘q_*'q"‘ *, I*I‘I*HHI‘I*I ul'h"'t*h"h"'a.* [ L) l"'q'.l.l"".l."'l,':'l.""i;"l."I ‘t.\.
I AN [ I * L [ ‘q_q_..q_ [ LI HY - FaE n, -, 'I-\'I 3
I A EEE R E R R A A Y A A A Al | L1 ] n = n kR L L] - L, L3
e N e e - S " Mttt L] + it 3 et T e e ey g ] -.t""- T N ‘
IO TN o ohE kA Efa."'t.:n:t Aok hon e ok " " B LA, A KON I A r.pl-"t.'r..'qht N q:ﬂ.l"ipi‘t‘ '-t:t..'h‘ iy
T N i i - L Lam - FaEY q_p-_'tq_“'q_l._ WA K4 -k kLA L i L L. AT T y K-_-:i. xm "
L EEEREERERLNR! . L) LI K - LA RN R EREN EE AL EE Y] L i L ] = n K [ LI E RN LY £y I';ll;
IEEEEEEREE" o LA W, W N WL LY = [ ] RN L E R -r:: = x X '
R I T L T L LG I e e e e T T - 1!;"..". AR ‘ 1 LI L R ) L W WL e "IqI. .
1_-._1-‘4*-‘1--4‘&‘.1111*1hi-h'w-*ihﬁhhl!h . ll-*“‘.'a'l-"v'a.rl"* L 'y l"l*. LY t,* - IhH‘ﬁ:*l-*ﬂuﬂ'lih*hkl.’i“h*hh L] . 1-L1*1+1-"1-L1J1+1-‘+11‘1-1 + H,*. L H-i'._il“ ] _-1‘1_ h
+ 4 b b b ok B % % k% LA %W kR ELEE uE R LW ] *‘q_'l R EF ] - h A kN IR E N E Y RN L} ‘2 | LW ) "‘u..a-_
4k ek ok FW %k k%% kR ELD a kAT b+ FR u L A e = 1 - 4 F % kol kAW ."I._"‘ = 'qq_.'q.._g
IEAEREEEXE RN 4 B %4 4+ b+ % Fu L | * [ I EE R E TN n UL s LY
-‘1-‘-1-.4‘1.‘1- L] ll-"‘|l|“'-|-l"-.-'1-‘-“'-»'-"1-.I T * '\l;t -l- L] l‘l-“l"ail-‘l-.l!‘l‘l-.‘i h{&ii .-1-'1 ni'q"::\.-t
++1."-|."|.1-.1' 1..*1.'1"."|1+"1..'1..v+"1.'-|.‘ ® -.-'-1--1."'-1."1.".‘I e = L k - '1"«.‘1-1"“'1‘-\..1". Y q‘;"'u kLt ¥, "Iq. ",
IR IREEREEEN XY 4 LA % wh kot - n'g 4ok ko kA ok R L [ & E ' ]
LR LALLM L & ¢l ok kAo w e L X L L] LI - .'l':l x \I_
-!i!-il.*'q L L | 1.‘!‘1-“-'-'-!‘4-'-“"#‘1- [ ] l-*.qil*‘i‘-! = !‘%llb:} y g, q_.'q"h-"q_ q_.t" LY l‘l‘lill'l-:l .?:"'q_. 'Ri‘ -I‘I W l‘ﬁ I.I'I'-I ] I‘I 1 l-l.l 1
TR RN LR N T B LT L A N [ ] 'k.‘ﬂ.tt'ﬁ.ﬂ_lﬂ. = u A B m H'l T R A xh Ad s hrRh
‘--l-'l.'h.*j'i‘ ‘h‘l“i‘-.q-l-'- T 1'1-" J..'r:*-l. II'-|.. '-I.-.l.*'l‘l‘h [ W™ “‘t q_*'q_‘t*q_u'l.,n'l._}'lt“ - j-bhhl~‘h‘:l.* R *ﬂ'.lli l.“:-‘I 3 "J-""l.h‘l."'l."':"I l'|."'-|.-"l."
+ + k4 I.-ili-l_‘.:.‘d- Lo N T N By ] ¥ L E ] * N
+ hh ko [ Lt Y L] L i W T I ) [] X & o
+'|-+ Tatatet * !.I l': 1-'-' ’?"‘l I‘ .'.'l I"':_'.' .'q:"q..'l_.'r{h. y + n N q_l?r'l l"l"I ] 'l-"l .
-1_1- LI "l.*-r‘l.-‘l.‘i“-‘.'l.Lﬂ.‘-”-‘t‘h‘*":ﬁ."‘i‘hh“ﬂ."ﬂ‘:"‘h‘q. t“h‘ﬁ,:.‘:tt 'q.tn‘i:“:t LY t!l.ﬂ L i.“'t b,tq'n:*n.“n.n_.tut*n 'ﬂhn‘
+ + - EIE L L R T T LN 'i.;""""'q'."':' - LY - L
4 4+ T m % Fch Ak LS T < L iy " ., ] £ u . L] ] 3
+ + - E) EIL I I A T ) [ ] LR LR AL W% NN L] L ., . X n_ 3
-++‘-.qi“ L] l"|. A -+l|-r1'd|'l|l-l|-qqii|-l.'-| L] | !,.' 1‘\‘ 1"-,"1_"1_‘-:" L hh. L] [ e l.qlt!-.i = l."l-'n k4 i"r’l - i I"l"l ] 'I'I 1‘!‘! 1] I‘H"I *"l‘l = l-‘
P T T, L i‘*"au'l- 4 ﬁ-i‘_'r_‘ L, l;tt"i,:.'h't-t*' . L L h"h“j..h" L L 3 k Hh*ﬁ'- ‘tlﬁ'ihlllt*!r- L ] ) 3 ] . e ] L ! ; -"'_-n-"u'u‘x‘n."p N
+ kb ok A b i L% 4 &% B 4% 3 Wk AR N ] ] B R kR | EF N B E Kk L] | T Y » 3 N Rk L
LI LT L e Bk h A BT EEFZ > WE RN EEE ] x - - " e . rFa *h h FR
N NN ) wa LY et rtate T R "q‘:' \‘1" ‘I"‘.‘l‘.q‘.'. L] e e e o -'l_q: Tk
PG A AL W PRI M N ::r# o e ", "‘.""-tt o " Chor L PP W WU N U e L e
T '1.-1.1. ok mk W T N E YT E] r-\ln'li.ﬂi-*i*'lﬁ'. ] "q..t *“l;,:q."'q_u__l L k3 4 k4 d N &N a - -k '!t"'q_ + d B E &
+ + 4k h A - LA ok ok KR EL - "'.' ‘:q.ltq_q_qq - L I | EEEEEKA "'q,q, -n
+ + A 44 a3 - x [ o Ty W XM WX x u LI + u W W R MK x
+-!+l-‘l‘lil+l - % l‘l +-l-.4'l+l"l"4il' ¥, -'l.: T ‘I,.'q_.'q‘q"q..'q_.'q:: LN l.lI l"|.:I'l|. . -Itl.l T 1..'1_ q,tll,.'q_.'l -"I‘I
+Frrans - L] 1-4!\.1'--:"1*'!‘5&"!. w ol ke ke W A4 d b L] kT h L L ¥y N e LI |
T i == - b oL t..b‘.-rll‘Il E 'Ii,.": LMy W B i B N HoW i o ko £ o W H‘thll'll.ﬁ L
+ 4+ d b A # i . L = L ' R M N A LW M N ] -AE n L) w e [ )
+ k4 ko " L4 RN 1) L e e A e FEF R R ok W L LI )
+ + F t k4 - Tk il'*’q‘.'!l , WE N MR L L Y . L |
+ 4+ A 4 &L LY [ E b x m q_:-q_.| LW r NN LI |
TR LT R L [ ] 1:‘_ -l..'l_.'h_q,u..'h_q"l._ L] [ .'._.'qi.ﬂ. LN
T T by Uy o ke Ak e L8 | W e LN
+ 444w - e M ) - + MWW W W W - ul
LR EER LY "M"I.I.l.t'l.l.t:t L L e La * N
+ -+ & L] KR W W LW W EE L] * m LY
' v . ' Vet m m T . - "
. ‘-!‘4 - 1-14"4 0w .ﬁ"‘.‘.‘lﬂﬂ." * I"! F.
* - T, . a7 L, o h, o :tli. 3 4 L |
+ 4 b+ + L L] K L t!t L] Y
+ + k h + - [ I X M R R -l L] -
+ A+ Ak ch kW LI | LW Y LY L
Fetatetat s LY LY arw "-_.'l.':'-q..'l et N " L]
A r a3 T R LT ol 3 WL N h L] LI 4 -
4 - w4 N = - o hoRH L e N e LR ] * L]
r 4+ A h o N L L4E L Lo - . -
+ o+ A+ L] L] <% %1% LY 4 a LW e L LY LY L )
r 4+ 4+ + A ch ok dch LR RE RN Y n W W, AR kA L] -, X u
-|l+-|-"|' tat +ﬂ|*1i\++'ﬂ|‘| 1‘1‘1‘1‘1‘1‘-‘-‘-&‘- ll"l-‘l L § L Wy § .'l. l.i- n.l.ll"l.‘llll-l-'n‘l‘l-"'l‘i‘i 1‘1‘1‘1- L] ﬂ:'l. ":, R '1’-1 n Il"l:‘ill [ L]
- e s w ‘1‘.5-1-‘4"11_1-..-.‘*‘.1-..1-*1*1-‘1-‘1hAh "h"'-i."i h ‘:!1* -L“.ﬁ,nt d ﬁ.‘ﬂ*-t . ll‘ﬂh'!*i.hhhi-‘ih!.hbhn‘thi-hwh'!‘i.‘i-‘q . *-l:::il 'h:‘{‘ b o h*i-‘ I.a|-‘h-|.i.|.i-‘|_-ll.*
R R S Y LY LY L LK 'Y LS Ak R oA REAR B % W4 , = L] T ., Ut LRk
LY L N WY L i - R BT L L x % L] L ) = 3 1 L]
L LW W W N X ] L) L LY 1 ", L L ) L
A R ! :‘h.'h. '-I-'.h " L e e e o e e eV e Ve L] h,'. H‘ﬂ% et ot .
PN ! 'l..l .'u_h' 'l:.‘:!."ll. Ii:‘_li-.t-ﬂ_ 2t 1."'1.."'1.":"h*i‘ihuhtii"uhhti"i"u"'. 4 -t"l t*tq'll."l;, AL N
IREEEREELE AR EE N L e n 4 n ] L - %, wE N nE = u -
I IETE I 1w X N L1 L. x* W N LAY
e e e e e e _*-,'. i ST L] .q"q_.'q_ll. AL
o 1"1‘1-._1*'-1‘1- 1,"'.‘_1‘.1-*1-‘ 'ﬂ:._hu t‘h"nnrﬁw- 1 '.:1. M, 1_.!;, 1-:.‘.
RN R R Y k) =k ko L] t"ﬁ."ﬂ.t .
liiiihliblllil L - m W3 W W R LY
I ERENEERE ALY LY L] L x m . - 5 W W LY
ottt et N ' 1 'a L] -l;"-,.' .'q"'q. e
L -
1‘41_!.- ~d|‘l|-‘l|-h\|"|- LA l-.'-in\h'..b*!‘h*hh. i_'_i." " ‘ﬁ.!i_:"'q.__t‘ I, i'!
okl - 4 h ok ok ok Lk ok %k ok Bd ok E 4 - (o W LY
ko h ok kA ok Rk RN [ ] L X 0LALEN
ETE T I T T N L] 3 W WX n
e e e e T e e *a ﬂi."-."q_"q" 1"!. |
Ak .
B e e i ! *s.:\:n q_u'tl:"‘u." ' Py
AR RN L X R W W LMY
+ - Ak - * m > m L LY L W 3
oty e e L] et - T N E L] L] “u q,'. -'l;,"'q..'q_-'l -l;,"q_.'q_" 1w w1
AR R A B L S L LT | £ r W bR TA AT A AR B *F T OFF L] LW Y. 1 L a A Ar =%k xm
] i L - Ny ] i i L]
N R ahat ot u_*a-’ru*u li-l.*l‘lﬁl"lulul*l‘l atatat et Wt |tq:“'q_"||_"|-_4' _'*1_“1_"1 1 1."'1.. atatiyty
R E I e - £ a X m + m Ew am L 3 W W Y i -
RN EREREEEERER Y LI L) X u 4ok L] L AT N e
et e e e M N e e T iy ey " e e T, "ﬂ‘.,.'l.l: q‘-."-,"q
4 2 % Wy kg Ryl A A e d A b A A Ed RN L LN N | L L oo A | L e ) LT
N T L R w e e e e e e P e e T L ] P M *u e .tl_il.lil. ‘1"'1"&._"
IEREERARERELE X L ] X N IR L] X W n N,
O - = X u L - + 4k oh K L xr L W] = N,
¥ .1-+ ...‘.q.. il-‘iil L B R R l."ll-"ll hFEFR I'l'l-‘h I-'F'l.. I'll ] I"r"l mr h'll-.l I' l"l"l N EAN Il'Fl.!-I I':!-H L] 11'l| L I ] l‘!‘1‘!‘!‘-!.1“!*!.1‘*‘!‘! I|Il| > "l"l ] 'I':I :I..'Iq..' "-l:"ll I"-l"ll 'l‘!r‘l I'F'I.l L]
DN e D B N T B S e e T T e I e e e i ] L h A LI T N R L T L L PR L T LT T BT R O L BT L] L] L L N N | b N LA R W Rk W ek NN
Lk ik ok Y ok ok b kok ol koh ok =y Co ] WM WoW WA a - bk ) L] T Y b Y o] L O T - ] ] | [ L 'l 3
* = 4 L "k khEE et et e e e e e e e e e e e e et e e e e T e e e e e e e T L] R NN q:"q_“'q_‘ "!_ N _“ a e et
LY FL1IEE+EEEINESER 4 B kA% kAR E%LE%ALE %Y L% chLchchchh o+t 4+ H N EN L3 K 1 T E B LW EELN
xR L L] 1 = ok h ok A+ - r x »u L)
‘1-‘!. L] n " 'I-‘ n K L l-‘qi'a"u‘l '.'+.|--'.|' A -it "r'i -l'tli 'd:"ll L R T
h‘ﬁ.h*hhhqh"l‘}hl.l‘ i M p * Lt . 1‘1‘1‘1‘.1‘1}-‘_1'- * LI | i w_* LI LR
-k = = [ ] [ ] 1 1 ) LI 4 4k oh bk o+ +h
L £ "W W kW kLA LRI NN
L] L) R L ¥. et T e T
L R ] 'al._i-.I'_"!-l"l-.'!.rl-‘l-.'!"41"-“"41_!-‘!-‘1‘ + l.‘-q.‘i,‘ﬁ.‘-i.'-.h.‘-i.,'-.‘i,‘1"-‘!,‘h.:‘i,hhhh‘-.hhhhhh"“hhh:‘f nhh""a.*q.*yh..*'q..u. T . PP )




US 12,139,821 B2

1

FOCUSED ROTARY JET SPINNING
DEVICES AND METHODS OF USE
THEREOF
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This application 1s a 35 U.S.C. § 371 national stage filing
of International Application No. PCT/US2020/013466, filed

on Jan. 14, 2020, which claims benefit of and priority to U.S.
Provisional Application No. 62/792,036, filed on Jan. 14,

2019. The entire content of each of the aforementioned
applications 1s 1ncorporated by reference heremn in 1ts
entirety.

GOVERNMENT SUPPORT

This invention was made with government support under

DMR-2011754 awarded by the National Science Foundation
and under TR003279 awarded by the National Institutes of
Health. The government has certain rights in the invention.

TECHNICAL FIELD

Embodiments of the disclosure relate to a directional

rotary jet spinning system to manmipulate motion of a fiber
using air flow convergence.

BACKGROUND OF THE INVENTION

Fibrous structures are used by nature and engineers for a
plethora of functions: fiber reinforcement, filtration, thermal
insulation, actuation control, etc. The realization of these
functions critically relies on both the diameter and the 3D
organization of the fibers. Many biological tissues consist of
small diameter fibers (e.g., micron-scale or nano-scale diam-
cter fibers) arranged in a complex three-dimensional align-
ment. For example, muscle fibers that control the motion of
the human body are about 10 um to about 100 um in
diameter and are bundles 1nto fascicles along the direction of
actuation. As another example, collagen fibrils, a major
component of the extracellular matrix, are about 10 nm to
about 100 nm 1n diameter and are organized 1nto a vast
variety of structures for the different mechanical properties
of different tissue. While human beings have a fruitiul
history of engineering thick fibrous structures with diam-
cters ol about 100 um and above, 1t remains challenging to
engineer {ine fibrous structures with diameters of about 10
um and below with control over fiber alignment and orga-
nization with conventional technologies. One of the chal-
lenges lies 1in the simultaneous realization of fine fiber
diameter, complex three-dimensional (3D) structure, and
high-throughput, as illustrated by the comparison of two
major fiber manufacturing techniques, random fiber depo-
sition (Random-FD) and extrusion 3D printing (Extrusion-
3DP), as shown 1n FIGS. 1A-1C. In random-FD techniques,
such as, for example, melt blowing and electrospinning,
fibers approach the target in a randomly arranged cloud and
can exhibit poor control over fiber alignment and 3D geom-
etry. Neither the spatial distribution nor the fiber orientation
inside the cloud 1s regulated. Poor control over the fiber
cloud leads to poor control over deposition. In contrast,
extrusion-3DP extrudes fibers through a moving nozzle that
precisely controls the location of deposition and alignment
of each portion of the fiber. However, extrusion-3DP has low
throughput. While both techniques are capable of producing,
fibers over a large range of diameters, only extrusion-3DP

can produce complex 3D structure, yet random-FD holds
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2

orders-of-magnitude advantage in throughput for fine fibers.
The limit 1n throughput 1s intrinsic: to fill up the same
volume, the length of the fiber required increases rapidly as
the fiber diameter decreases. Extrusion 3DP has to trace the
length of the fiber (e.g., >100 km 1n length for some
applications), while fiber deposition does not.

Accordingly, there 1s a need in the art for improved
systems that enable production of complex 3D structure of
small diameter fibers (e.g., fibers having diameters of less
than 10 microns) with a high throughput.

SUMMARY OF THE INVENTION

Some embodiments of the present mvention include a
rotary jet spinning system configured to manipulate the fiber
motion through externally imposed gas (e.g., air flow) to
form a directional stream of fibers. Some embodiments
enable control of fiber alignment and have relatively high
throughput.

Some embodiments provide a system for focused direc-
tional deposition of one or more micron or nanometer
dimension polymeric fibers. The system includes a reservoir
configured to hold a material including a polymer and
rotatable about a rotation axis. The reservoir includes a first
end; a second end opposite the first end; an outer sidewall
extending from the first end to the second end, a shape of the
reservoir including one or more apertures disposed radially
inward from the outer sidewall of the reservoir that are
configured to enable a gas to move through the reservoir
from the first end to the second end; and one or more orifices
formed 1n the outer sidewall, each of the one or more orifices
configured for ejection of the matenial radially outward
through the orifice as an ejected jet during rotation of the
reservoir. The system also includes one or more gas flow
sources, each configured to direct a flow of gas from
upstream of the first end of the reservoir through the one or
more apertures of the reservoir from the first end to the
second end of the reservoir and downstream of the second
end of the reservoir during rotation of the reservoir the one
or more gas tlow sources collectively forming a combined
gas flow 1n a first direction downstream of the second end of
the reservoir that entrains and detlects the one or more
ejected jets to form a focused stream of the one or more
micron or nanometer dimension polymeric fibers in a first
direction, the first direction having an orientation that is
within 5 degrees of the rotation axis of the reservorr.

In some embodiments, the one or more gas flow sources
comprise a plurality of gas flow sources having a converging
orientation to form the combined gas flow in the first
direction. In some embodiments, a gas tlow rate of at least
some of the plurality of gas tlow sources relative to others
of the gas tlow sources 1s controllable to achieve a balanced
combined gas flow. In some embodiments, a number of the
plurality of gas flow sources and an arrangement of the
plurality of gas tlow sources are configured such that, at any
single point 1n time during rotation of the reservoir, gas flow
from all of the plurality of gas flow sources tlows through an
aperture of the one or more apertures of the reservoir or the
gas flow from all of the plurality of gas flow sources 1is
blocked by the reservoir. In some embodiments, the plurality
of gas tlow sources comprises three gas flow sources.

In some embodiments, a total gas flow rate from the one
or more gas flow sources 1s controllable to change a distance
from the reservoir at which the stream of the micron or
nanometer dimension polymeric fiber has the tightest focus.
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In some embodiments the first direction 1s within 2
degrees of the axis of rotation. In some embodiments, the
first direction 1s substantially parallel to the axis of rotation.

In some embodiments, the focused stream of the one or
more micron or nanometer dimension polymeric fibers has
a stream width smaller than a diameter of the outer sidewall
of the reservorr.

In some embodiments, the system further comprises a
flow blocking structure disposed upstream of the plurality of
gas tlow sources and configured to reduce an eflect of
airtlow upstream of the plurality of gas flow sources on
focusing of the stream of the micron or nanometer dimen-
sion polymeric fiber. In some embodiments, the flow block-
ing structure 1s disposed upstream of the rotating reservoir
and configured to at least partially block airflow from
upstream of the rotating reservoir reducing an eflect of
airtlow from upstream of the rotating reservoir on an nter-
action between airflow due to rotation of the reservoir and
the tlow of gas through the one or more apertures. In some
embodiments, the flow blocking structure 1s stationary and
does not rotate with the reservoir. In some embodiments, the
flow blocking structure enables enhanced control of a struc-
ture of vortices generated by the flow of gas and the rotation
of the reservoir thereby improving control of a lateral area
ol deposition of the micron or nanometer dimension poly-
meric fiber as the fiber travels toward a target.

In some embodiments, the one or more gas flow sources
are conflgured to enable control of a rate of flow of the gas
to focus a lateral area of deposition of the micron or
nanometer dimension polymeric fiber as the fiber travels
toward a target.

In some embodiments, the system further comprises a
target rotation system configured to rotate a three dimen-
sional target during deposition to deposit the fiber on more
than one side of the target.

In some embodiments, the system 1s configured to be hand
held.

In some embodiments, the system further comprises a
coagulation, precipitation or cross-linking reservoir config-
ured to hold a bath for coagulation, precipitation or cross-
linking of the ejected polymer matenal.

In some embodiments, the system further comprises a
heat source for heating the polymer material prior to deliv-
ery to the reservoir or while 1n the reservorr.

In some embodiments the system 1s configured for co-
deposition of fibers and further includes: a second reservoir
configured to hold a second material including a second
polymer and rotatable about a second rotation axis. The
second reservoir includes: a first end; a second end opposite
the first end; an outer sidewall extending from the first end
to the second end, a shape of the second reservoir including,
one or more apertures disposed radially mmward from the
outer sidewall of the reservoir that are configured to enable
a gas to move through the reservoir from the first end to the
second end; and one or more orifices formed 1in the outer
sidewall, each of the one or more orifices configured for
¢jection of the second polymer material radially outward
through the orifice as a second ejected jet during rotation of
the second reservoir. The system further includes a second
plurality of gas tlow sources, each configured to direct a flow
of gas from upstream of the first end of the second reservoir
through the one or more apertures of the second reservoir
from the first end to the second end of the second reservoir
and downstream of the second end of the second reservoir
during rotation of the second reservoir, the plurality of gas
flow sources having a converging orientation such that the
flows of from the plurality of gas flow sources collectively
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forming a second combined gas flow 1n a second direction
downstream of the second end of the second reservoir that
entrains and deflects the second ejected jet to form a second
focused stream of one or more second micron or nanometer
dimension polymeric fiber 1n a second direction, the second
direction having an orientation that 1s within 5 degrees of the
rotation axis of the second rotation axis. The first direction
and the second direction are oriented for deposition on a
same collection surface. In some embodiments, the system
1s configured for simultaneous deposition of one or more
fibers of the first polymer and one or more fibers of the
second polymer on the same collection surface.

Some embodiments provide a method for formation and
deposition of at least one micron or nanometer dimension
polymeric fiber. The method includes rotating a reservoir
holding a material comprising a polymer about a rotation
axis to eject at least one jet of material from at least one
orifice defined by an outer sidewall of the reservoir; direct-
ing at least one flow of gas through a portion of the reservoir
radially inward of the outer sidewall, the at least one flow of
gas directed from an upstream {irst end of the reservoir to a
downstream second end of the reservoir during rotation of
the reservoir and ejection of the at least one jet of material
to form at least one micron or nanometer dimension poly-
meric fiber, the at least one flow of gas entraining the one
micron or nanometer dimension polymeric fiber and forming,
a focused fiber deposition stream of the at least one micron
or nanometer dimension polymeric fiber 1n a first direction,
the first direction having an orientation of within 5 degrees
of the rotation axis of the reservoir; and collecting the
focused fiber deposition stream on a target surface.

In some embodiments, the first direction 1s substantially
parallel to the rotation axis of the reservorr.

In some embodiments, the at least one flow of gas
comprises a plurality of flows of gas that converge and form
a combined gas flow 1n the first direction. In some embodi-
ments, a flow rate of at least some of the plurality of
converging tlows of gas relative to others of the plurality of
converging flows of gas 1s controllable to achieve a balanced
combined gas flow. In some embodiments, a total gas tlow
rate of the plurality of converging tlows of gas 1s control-
lable to change a distance from the reservoir at which the
focused fiber deposition stream of the at least one micron or
nanometer dimension polymeric fiber has the tightest focus.
In some embodiments, the plurality of gas flows comprises
three gas flows.

In some embodiments, the focused fiber deposition stream
has a substantially tangential orientation to the target surface
during fiber collection.

In some embodiments, the method further comprises
rotating the target surface during fiber collection.

In some embodiments, the method further comprises at
least partially blocking flow of gas from upstream of the
reservolr to reduce an eflect of airflow upstream of the
plurality of gas flow sources on focusing of the fiber
deposition stream of the at least one micron or nanometer
dimension polymeric fiber.

In some embodiments, the target surface 1s moved linearly
during deposition of the fiber stream.

In some embodiments, the material 1n the reservoir com-
prises a solvent.

In some embodiments, the material 1n the reservoir com-
prises a polymer melt. In some embodiments, the method
turther comprises heating the reservorr.

In some embodiments the at least one ejected jet contacts
a bath prior to being collected on the target. In some
embodiments, the bath comprises a cross-linking agent. In
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some embodiments, the at least one ejected jet precipitates
in the bath forming the at least one micron or nanometer

dimension polymeric fiber. In some embodiments, the at
least one ejected stream coagulates 1n the bath forming the
at least one micron or nanometer dimension polymeric fiber.

In some embodiments, at least one micron or nanometer
dimension polymeric fiber 1s deposited for reinforcement of
a composite material.

In some embodiments, the at least one micron or nano-
meter dimension polymeric fiber 1s deposited on one or more
items of food.

In some embodiments, the method further includes: rotat-
ing a second reservoir holding a second material comprising
a second polymer about a second rotation axis to eject at
least one jet of second material from at least one orifice
defined by an outer sidewall of the second reservoir. The
method also 1ncludes directing at least one second flow of
gas through a portion of the second reservoir radially inward
of the outer sidewall, the at least one second tlow of gas
directed from an upstream first end of the second reservoir
to a downstream second end of the second reservoir during,
rotation of the second reservoir and ejection of the at least
one jet of second material to form at least one micron or
nanometer dimension polymeric fiber of the second poly-
mer, and the at least one second flow of gas entraining the
at least one micron or nanometer dimension polymeric fiber
of the second polymer and forming a second focused fiber
deposition stream. The method also includes collecting the
second focused fiber deposition stream on the target surface.
In some embodiments, the collection of the first focused
fiber deposition stream overlaps 1n time with the collection
of the second focused fiber deposition stream

Some embodiments provide a method of forming a three
dimensional tissue scatfold including performing any of the
methods described herein where the target surface 1s a three
dimensional shape for a tissue scaflold. In some embodi-
ments, the method also includes rotating the target for
deposition on more than one side of the three dimensional
shape.

The embodiments disclosed herein meet these and other
needs by providing a systems and methods for stream fiber
deposition.

Other features and advantages of the invention will be
apparent from the following detailed description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a graph of fiber throughput versus diameter for
some conventional random {iber deposition techmiques
(circles) and some conventional extrusion 3D printing tech-
niques (diamonds).

FIG. 1B schematically depicts conventional random fiber
deposition.

FIG. 1C schematically depicts conventional extraction 3D
printing.

FIG. 2A schematically depicts a rotary jet spinning sys-
tem modified with air flow for stream fiber deposition in
accordance with some embodiments.

FIG. 2B 1s an 1image of a stream of fibers during deposi-
tion generate by superimposing {rames of a video of fiber
deposition and 1indicating a stream waist 1n accordance with
some embodiments.

FIG. 3A 1s a perspective 1mage of a rotary jet spinmng
system for stream fiber deposition including multiple gas
flow sources that blow gas through apertures of a reservoir
to form a combined gas flow in accordance with some
embodiments.
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FIG. 3B 1s an image of a front view of the rotary jet
spinning system of FIG. 3A.

FIG. 3C 1s a perspective 1mage of the reservoir of the
rotary jet spinning system ol FIG. 3A 1n accordance with
some embodiments.

FIG. 3D 1s a perspective image of a fixture for the multiple

gas tlow sources 1n the rotary jet spinning system of FIG. 3A
in accordance with some embodiment.

FIG. 3E 1s a perspective view of a tflow blocker coupled
to the fixture for the multiple gas flow sources 1n the rotary
jet spinning system of FIG. 3A 1n accordance with some
embodiments.

FIG. 3F 1s a front perspective view of the reservoir, a
supply line for a polymer matenial to be delivered to the
reservoir, the fixture for the multiple gas flow sources and
supply lines for the multiple gas tlow sources in accordance
with some embodiments.

FIG. 3G 1s a back perspective view of the reservorir, the
fixture, and the supply lines in accordance with some
embodiments.

FIG. 4A1s a plot of axial air flow velocity from simulation
of a rotary jet spinning system for stream fiber deposition 1n
accordance with some embodiments.

FIG. 4B 1s a plot of radial air flow velocity from a
simulation of a rotary jet spinning system for stream fiber
deposition 1n accordance with some embodiments.

FIG. 5A schematically depicts airflow around a rotary jet
spinning system for stream fiber deposition including a flow
blocker upstream of the reservoir 1n accordance with some
embodiments.

FIG. 5B schematically depicts a jet of polymer material
that solidifies 1nto a fiber and air flow pulling on the formed
fiber 1n accordance with some embodiments.

FIG. 5C schematically depicts an axial view of the
reservoir and forces acting on a jet of polymer material after
ejection from the reservoir 1n accordance with some embodi-
ments,

FIG. 6A 1s a background-subtracted image of a rotary jet
spinning system for stream fiber deposition without a flow
blocker producing a focused fiber stream, 1n accordance with
some embodiments.

FIG. 6B 1s an average of background-subtracted images
of the rotary jet spinning system of FIG. 6 A without a tlow
blocker during production of a focused fiber stream illus-
trating the average fiber stream distribution.

FIG. 6C 1s a scanning electron microscope image of fibers
produced by the system of FIG. 6 A without a flow blocker.

FIG. 7A 1s a background-subtracted image of a rotary jet
spinning system for stream fiber deposition including a flow
blocker producing a focused fiber stream, 1n accordance with
some embodiments.

FIG. 7B 1s an average of background-subtracted 1mages
of the rotary jet spinning system of FIG. 7A with a tlow
blocker during production of a focused fiber stream 1llus-
trating the average fiber stream distribution.

FIG. 7C 1s a scannming electron microscope image of fibers
produced by the system of FIG. 7A with a flow blocker.

FIG. 8 A 1s the maximum intensity overlay of 3600 frames
over a larger field of view taken at 1/800 s exposure, 1/60 s
difference, during fiber creation and deposition to show fiber

stream broadening downstream of the stream waist, 1n
accordance with some embodiments.

FIG. 8B 1s a plot of thickness profiles for fiber collection
on rotating target rods at different distances from the reser-
volr to quantify fiber stream broadening, 1n accordance with
some embodiments.
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FIG. 9A schematically illustrates length scales of the
stream width w and the radius of curvature of the target
surface p.

FIG. 9B schematically illustrates when w<<p meaning,
that the target surface 1s eflectively flat for the fiber stream 5
and the deposition conforms to the shape of the target 1n
accordance with some embodiments.

FIG. 9C schematically illustrates when w~p or >>p and
overhanging fibers prevent conformal deposition for a target
feature 1 accordance with some embodiments. 10

FIG. 9D 1s an 1image of conformal deposition on a female
mannequin when the radius of curvature of the target surface
1s greater when the stream width.

FIG. 9E i1s an image of conformal deposition on a Buddha
face replica having finer features where the radius of cur- 15
vature of the target surface 1s smaller than the stream width.

FIG. 9F 1s an 1mage of the conformal deposition of FIG.

OF after embossing to shape the deposited material to
include the fine features.

FIG. 10A 1includes a schematic of depositing a fiber 20
stream onto a tangentially oriented target surface (top), an
SEM 1mage of fibers deposited with a tangential deposition
orientation showing aligned fibers (bottom left), and a
corresponding Fourier image of the fiber orientation (bottom
right) 1n accordance with some embodiments. 25

FIG. 10B includes a schematic of depositing a fiber
stream onto a target surface oriented at a 60° angle to the
stream (top), an SEM 1mage of fibers deposited with a 60°
deposition orientation showing partially aligned fibers (bot-
tom left), and a corresponding Fourier image of the fiber 30
orientation (bottom right) in accordance with some embodi-
ments.

FIG. 10C 1includes a schematic of depositing a fiber
stream onto a target surface oriented perpendicular to the
stream (top), an SEM 1mage of fibers deposited with the 35
perpendicular orientation showing little to no preferential
alignment of fibers (bottom left), and a corresponding Fou-
rier image of the fiber orientation (bottom right) 1 accor-
dance with some embodiments.

FIG. 10D 1includes a schematic of depositing onto a 40
rotating tangentially oriented surface (left) and CT images of
the resulting fiber structure at a first depth (top right) and at
a second depth (bottom right) that 1s 360 microns deeper
showing the rotation of the alignment of the fibers with
depth 1n accordance with some embodiments. 45

FIG. 10E includes a schematic of depositing onto a
surface of a rotating cylinder oriented at an acute angle
relative to the fiber stream at a relatively slow rotational
speed (top), an optical profilometry image of the fiber
orientation (bottom left) and a Fourier transform image 50
(bottom right) showing the helical alignment of the fibers 1n
accordance with some embodiments.

FIG. 10F includes a schematic of depositing onto a
surface of a rotating cylinder oriented at an acute angle
relative to the fiber stream at a relatively fast rotational speed 55
(top), an optical profilometry 1mage of the fiber orientation
(bottom left) and a Fourier transform 1mage (bottom right)
showing the helical alignment of the fibers in accordance
with some embodiments.

FIG. 11A schematically depicts a rotary jet spinmng 60
system for wet spinning applications including a bath for
precipitation, coagulation or cross linking of the polymer
material 1n accordance with some embodiments.

FIG. 11B schematically depicts a rotary jet spinmng
system for melt spinning including one or more heaters to 65
heat the polymer material 1n accordance with some embodi-
ments.
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FIG. 11C schematically depicts a hand held rotary jet
spinning system in accordance with some embodiments.

FIG. 11D schematically depicts a system including mul-
tiple rotary jet spinning systems used for stream deposition
a production process 1n accordance with some embodiments.

FIG. 12A schematically depicts a method of forming
ventricle scaffold fiber structure in accordance with an
example.

FIG. 12B 1s an image of a combined mandrel before
deposition on the combined mandrel 1n accordance with an
example.

FIG. 12C 1s an image of the combined mandrel after
deposition on the combined mandrel for form a resulting
ventricle fiber scaflold structure.

FIG. 12D 1s section of a micro-C'T image of the resulting
ventricle structure in accordance with an example.

FIG. 12E 1s a micro-CT 1mage of the septum of the
resulting ventricle structure 1n accordance with an example.

FIG. 12F 1s a detaill micro-C'T image of the septum of the
resulting ventricle structure in accordance with an embodi-
ment.

DETAILED DESCRIPTION

In the following description, 1t 1s understood that terms
such as “top,” “bottom,” “muiddle,” “outward,” “inward,”
and the like are words of convenience and are not to be
construed as limiting terms. Reference will now be made 1n
detail to embodiments of the disclosure, which are 1illus-
trated 1in the accompanying figures and examples. Referring
to the drawings in general, 1t will be understood that the
illustrations are for the purpose of describing particular
embodiments of the disclosure and are not intended to limat
the same.

Whenever a particular embodiment of the disclosure 1s
said to comprise or consist of at least one element of a group
and combinations thereof, 1t 1s understood that the embodi-
ment may comprise or consist of any of the elements of the
group, either individually or 1n combination with any of the
other elements of that group.

As used herein, the terms “polymer fiber” and “polymeric
fiber” refer to a fiber comprising a polymer. The fiber may
also 1nclude some non-polymer components.

As used herein, a micron or nanometer dimension fiber
refers to a fiber having a diameter of less than about 10 um.

These, and other, aspects of the mvention will be better
appreciated and understood when considered 1n conjunction
with the following description and the accompanying draw-
Ings.

The following description, while indicating various
embodiments of the invention and numerous specific details
thereol, 1s given by way of illustration and not of limitation.
Many substitutions, modifications, additions or rearrange-
ments may be made within the scope of the invention, and
the 1nvention includes all such substitutions, modifications,
additions or rearrangements.

Some embodiments described herein include methods and
systems for forming micron-scale diameter to nanometer-
scale diameter polymer fibers by ejection of a fiber forming
liqguid from a spinning reservoir that employ gas (e.g., air)
flows to focus and align the produced fibers 1n a fiber stream
for controlled deposition. In some embodiments, the
throughput of the microfiber production in length of fiber per
time 1s at least 80 km/min. In some embodiments, the
throughput of the microfiber production 1s in a range of 1
m/min to 150 km/min. In some embodiments, the through-
put of the microfiber production 1s 1n a range of 100 m/min
to 150 km/min. In some embodiments, the throughput of the
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microfiber production 1s i a range of 1 km/min to 150
km/min. In some embodiments, the throughput of the micro-
fiber production 1s 1 a range of 80 km/min to 150 km/min.
In some embodiments, the throughput of the microfiber
production 1s in a range of 80 km/min to 100 km/min. In
some embodiments, the deposited fibers conform to various
3D geometries with control of alignment of the fibers.

Some conventional high throughput approaches have
tried to deposit onto 3D shaped targets to achieve 3D fibrous
structures; however, the fibers often do not conform to the
target shape and often exhibit overhanging fibers. Some
conventional approaches have employed rotation of a target
to achieve circumierential fiber alignment; however, this
method cannot handle more complex alignment observed in
real tissues, such as the helical alignment in heart ventricles,
or the tri-layer structure 1n heart valves with circumfierential
and longitudinal alignment on different layers

In some embodiments, systems and method have
improved structural controllability as compared with con-
ventional high-throughput fiber deposition techniques for
fibers at the micron to nanometer-scale diameter. Some
embodiments of systems and methods described herein
employ stream fiber deposition (Stream-FD) where fibers
are structured into a spatially confined and aligned fiber
stream before deposited onto the target. Well-structured fiber
streams enable well-structured deposition. Stream-FD
enables accurate control over both conformity and deposi-
tion alignment without sacrificing the throughput.

Fibers are formed by ejection and subsequent solidifica-
tion of one or more jets of a fiber forming liquid (e.g., a
material comprising a polymer and referred to herein as a
polymer material) from one or more orifices of a rotating
reservoir under centrifugal force through a rotary jet spin-
ning process. The reservorr including the one or more
orifices may be referred to herein as a spinneret. In embodi-
ments described herein, specific acrodynamics of gas flows
(e.g., arr flows) are employed to confine the produced fiber
distribution and align 1t 1n the fiber stream. Confining the
fiber distribution requires a convergent air flow that brings
fibers together as they flow away from the reservoir. Align-
ing the fibers requires an accelerating air flow that pulls
fibers straight. In addition, the perturbation to the flow near
the reservolr (e.g., the spinneret) should be minimized to
avold iterfering with fiber formation. In some embodi-
ments, these requirements may be realized by blowing gas
(e.g., air) from at or near a rotational axis of the reservorr.

FIG. 2A schematically depicts an example rotary jet
spinning system 10 including a rotational motion generator
(c.g. a motor) 11 that rotates a reservoir 12 including an
orifice, which 1s referred to herein as a spinneret, in accor-
dance with some embodiments. The system employs a gas
flow (e.g., an air flow) 30 to converge and align a stream of
a fiber 15 produced by ¢jecting a polymer solution 17 from
the spinneret 12 before the fiber 1s deposited on a target 19.
In some embodiments, the gas flow may be a gas jet or air
jet located at or near the axis of rotation 21 of the spinneret/
reservoir 12, and may be directing a tlow oriented parallel to
or near parallel to the axis of rotation 21. The gas flow 1s not
a uniform tlow over the area of the rotor. In some embodi-
ments, the flow concentrated 1n one or more central portions
of the rotor spaced radially imnward from a sidewall of the
rotor. In some embodiments, downstream of the rotor, the air
flow has a higher velocity at or near the rotational axis of the
rotor that falls at locations that are laterally displaced from
the rotational axis.

Rotary jet spinning produces a fiber or fibers by centrifu-
gal force, thus generating a fiber cloud surrounding the
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spinneret 12 moving azimuthally and radially outward. As
the gas flow (e.g., an air jet) 30 1s thrusted from one or more
central portions of the spinneret, the gas flow 30 pulls
surrounding air ito the jet n a phenomenon known as
entrainment. The entrainment flow 1s orders of magnitude
slower than the flow inside the jet, which has minimal
perturbation over the fiber formation. The entrainment 1s
converging and accelerating towards the jet, which confines
and aligns the fibers 1nto a stream as 1s shown in the
visualization of a fiber stream 1n FIG. 2B, which was
produced by superimposing different frames from a video of
fiber deposition.

Additional details of some embodiments of rotary jet
spinning systems and methods are described below with
respect to FIGS. 3A-G. In the embodiment of FIGS. 3A-G,
the system employs multiple gas flows that combine to form
a combined gas flow for converging and aligning the fiber
stream. Further, the multiple gas flows flow through aper-
tures 1n the reservoir radially mnward of the one or more
orifices before forming the combined flow in accordance
with some embodiments.

Referring to FIGS. 3A-G, embodiments of the rotary jet
spinning system 10 include at least one reservoir 12 con-
figured to rotate about a rotational axis 21. Some systems
may also include a rotational motion generator (e.g., a
motor) 11 that rotates the reservorr.

In some embodiments, reservoir 12 has a first end 14, a
second end 16 opposite the first end 14, and an outer
sidewall 18 extending from the first end 14 to the second end
16. Reservoir 12 1s configured and adapted to hold a material
for forming polymer fibers (e.g., a polymer maternal). Res-
ervolr 12 defines one or more orifices 22 1n the outer
sidewall 18. Reservoir 12 1s configured and adapted to eject
the polymer material radially outward through one or more
orifices 22 formed 1n the outer sidewall 18 under pressure
caused by rotation of the reservoir 12. Each of the one or
more orifices 22 may be configured for ejection of the
polymer material radially outward through orifice 22 as an
ejected jet 24 during rotation of reservoir 12.

In some embodiments, the reservoir defines one or more
apertures 20a, 205, 20c disposed radially inward from the
outer sidewall 18 that are configured to enable a gas to move
past or through the reservoir 12 from the first end 14 to the
second end 16. In some embodiments, reservoilrr 12 may
define three apertures 20a, 205, 20c¢ disposed radially inward
from the outer sidewall 18. In other embodiments, the
reservoir 12 may define more than three apertures disposed
radially inward from the outer sidewall 18. In some embodi-
ments, the reservoir may define 2, 3,4, 5, 6,7, 8,9, 10, 11,
12, 13, 14, 135, 16, 17 or 19 apertures disposed radially
inward from the outer sidewall 18. One of ordinary skill 1n
the art 1n view of the present disclosure will appreciate that
different geometries of apertures and different numbers of
apertures fall within the scope of the present mnvention.

Rotary jet spinning system 10 further includes one or
more gas tlow sources 28a, 285, 28¢ used to form the gas
flow, which 1s also referred to herein as the gas jet (e.g., the
air jet) for converging and aligning the fiber stream 1n
accordance with some embodiments. In some embodiments,
rotary jet spinning system 10 includes a plurality of gas flow
sources 28a, 28b, 28¢, each configured to direct a flow of gas
from upstream of the first end 14 of reservoir 12, through
apertures 20a, 200, 20¢ from the first end 14 to the second
end 16, and downstream of the second end 16 of the
reservoir 12. In some embodiments, the plurality of gas flow
sources 28a, 28bH, 28¢ have a converging orientation such
that the tlow from the plurality of gas tflow sources collec-
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tively forms a combined gas flow or gas jet 30 1n a first
direction downstream of the second end 16 of reservoir 12.
In some embodiments, the first direction 1s substantially
parallel with respect to the rotational axis 21. FIG. 3F
includes arrows indicating gas flows 30a, 305, 30¢ from the
plurality of gas tlow sources 28a, 2856, 28¢ and a combined
gas tlow 30 aligned with the rotational axis 21. As 1llustrated
in FIG. 3F, gas flows 30a, 305, 30¢, directed from the gas
flow sources 28a, 28b, 28¢, may converge to form a com-
bined gas flow 30 at a position downstream of the second
end 16 of reservoir 12. In some embodiments, the gas tlow
sources 28a, 28b, 28¢ may converge to form a combined gas
flow 1n a range of 2 centimeters to 10 cm downstream of the
second end 16 of reservoir 12. In some embodiments, the
flows from the gas flow sources may converge further than
10 cm from the second end 16 of the reservoir. The com-
bined gas flow 30 may entrain the ejected jets 24 to form a
focused stream of a micron or nanometer dimension poly-
meric fibers 32 1n a first direction. In a non-limiting example,
the plurality of gas flow sources may converge and homog-
enize at a distance about 3 centimeters downstream of the
second end 16 of reservoir 12. At such distance, the air flow
rate may be between about 10 m/s and about 30 m/s 1n some
embodiments.

In some embodiments, the first direction may be at an
angle with respect to rotational axis 21. In some embodi-
ments, the first direction may be within 5 degrees of the
longitudinal axis Al. In some embodiments, the first direc-
tion may be within 3 degrees of the longitudinal axis Al. In
some embodiments, the first direction has an angle in a range
of zero to 5 with respect to the rotational axis 21.

As noted above, 1n some embodiments, a rotary jet
spinning system 10 may include a gas flow system that
includes the one or more gas flow sources (e.g., nozzles)
28a, 28b, 28¢. The one or more gas flow sources 28a, 285,
28¢ may be independently supplied with a gas tflow, or may
all receive a gas tflow from a common supply before 1t 1s split
into the one or more gas tlow sources 28, 2856, 28¢. In some
embodiments, the one or more gas flow sources may be part
ol a single gas flow unit or fixture 26 as 1llustrated in FIGS.
3A, 3D, and 3G.

In operation, the gas flow or gas jet 30, which may be a
combined gas flow, entrains and deflects the ejected stream
to form a focused stream of micron or nanometer dimension
polymeric fiber(s) in the first direction. The gas flow through
the reservoir at or near the rotation axis does not interfere
with the fiber formation. FIGS. 4A and 4B show turbulence
model simulations of a flow field around a spinneret 12 with
an applied central air jet 30 from a central portion of the
spinneret or reservoir. Even for a substantial air jet, the
presence of the central air jet causes minimal perturbation in
the tlow field at the fiber forming region 41 1n either the axial
direction (FIG. 4A) or in the radial direction (FIG. 4B) and
thus, does not interfere with fiber formation. In contrast, 1t
the reservoir were subject to a uniform extrinsic air flow
parallel to the rotational axis instead of an extrinsic air flow
through a central portion of the reservoir, the unmiform
extrinsic air tlow would interfere with fiber formation 1n the
fiber forming region 41 and could cause fiber entanglement.

In some embodiments, reservoirr 12 may begin rotating
without gas flow (e.g., air flow) being applied. Gas flow
(e.g., air tlow) may be gradually increased until a focus of
the stream of micron or nanometer dimension polymeric
fiber(s) 1s achieved. FIG. 2B illustrates a focused stream of
fibers and indicates a stream waist w_ . where the stream 1s
most narrow. In some embodiments, the waist of the fiber
stream may be located at a distance of between 3 cm and 7
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cm from the orifices of the reservoir as measured along the
rotational axis. If the flow rate 1s too low, the fibers will fail
to align or fail to align properly. A higher flow rate would
enable alignment and collection of the fibers at a distance
further away from reservoir 12. Collection of the fibers at a
distance further away from reservoir 12 may be beneficial to
ensure the drying of the fibers and/or to allow the fibers to
distribute over a larger area/deposit over a larger target;
however, at larger distances from the reservoir the fiber
stream widens and the fibers may slow down and buckle. In
some embodiments, the fibers are deposited on to a surface
ol a collector or target at a distance of 2 cm to 20 cm from
the orifices as measured along the rotation axis, In some
embodiments, the fibers are deposited onto a surface of a
collector or target at a distance of 3 cm to 20 cm from the
orifices as measured along the rotation axis. In some
embodiments, the fibers are deposited onto a surface of a
collector or target at a distance of 4 cm to 20 cm from the
orifices as measured along the rotation axis. In some
embodiments, the fibers are deposited onto a surface of a
collector at a range of 3 cm to 50 cm from the orifices as
measured along the rotation axis.

In some embodiments, arrangement of the plurality of gas
flow sources may be configured such that, at any single point
in time during rotation of the reservoir, gas tlows from all of
the gas flow sources flows through apertures of the reservotr,
or gas flows from the all the gas flow sources are blocked by
reservoir. In this manner, the combined gas flow will not be
deflected from the intended direction by only some of the
gas tlows being blocked at a point 1n time resulting 1n an
unbalanced combined gas flow. For example, the gas flow
source arrangement and the reservoir in the system of FIGS.
3A-F are configured such that at any moment in time, gas
flows from all three gas flow sources 28a, 28b, 28¢ tlow
through the apertures 20a, 205, 20c of the reservoir 12, or
gas tlows from all three gas tlow sources 28a, 2856, 28¢ are
substantially blocked by portions of the reservoirr 12
between the apertures 20q, 205, 20c¢. In other embodiments,
there may be a suflicient number of gas flows such that the
combined tlow can be balanced even when a subset of the
gas flows are blocked. For example, for an embodiment with
s1X gas tlows symmetrically arranged around the rotational
axis and three apertures in the reservoirr symmetrically
arranged about the rotational axis, at some point in rotation
of the reservoir every other gas tlow would be blocked, but
the combined gas flow could still be balanced.

In some embodiments, the gas flow sources 28a, 285, 28¢
may be controllable to achieve a balanced combined gas
flow. For example, a flow rate through the gas tlow sources
may be adjustable, or a direction or orientation of tlow from
the gas flow sources may be adjustable. In some embodi-
ments, the gas tlow sources 28a, 285, 28¢c may be control-
lable to change a distance from the reservoir 12 or from the
orifice at which the stream of the micron or nanometer
dimension polymeric fiber 32 has the tightest focus, which
1s also referred to herein as the stream waist (see FIG. 2B).
In some embodiments, the distance along the first direction
between the orifices and the stream waist may be a range of
about 3 cm to about 7 cm. In other embodiments, the
distance may be shorter than this range or may be larger than
this range. In some embodiments, the gas flow rate may be
adjustable. In some embodiments, during fiber formation
and deposition, the gas pressure may be in the range of about
0.1 MPa and about 0.5 MPa.

In some embodiments, rotary jet spinning system 10 may
include a flow blocker 34 positioned upstream of the first

end 12 of the reservoir 12 (see FIGS. 3A, 3B and 3E). A tflow
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blocker 34 may provide additional control of vortices gen-
crated by the flow of gas and the rotation of reservoir 12,

t_lereby improving control of a lateral area of deposition of
the micron or nanometer dimension polymeric fiber as the
fiber travels towards a target.

In some embodiments, a flow blocker 34, which may also
be referred to as a ﬂow regulator herein, may be used to
achieve a longer collecting distance by preventing stronger
air flow from overly perturbing the fiber formation near
reservoir 12. As noted above, the tlow blocker 34 may be
positioned upstream of the first end 14 of reservoir 12. In
some embodiments, the flow blocker 34 may be positioned
at distance between about 2 cm and about 10 cm upstream
of the first end 14 of reservoir 12. In some embodiments, the
flow blocker 1s positioned about 5 ¢cm upstream of the first
end 14 of the reservoir. In some embodiments, the flow
blocker 34 1s stationary and does not rotate. In other embodi-
ments, the flow blocker 34 may be configured to rotate with
or separate from reservoir. The flow blocker 34 has a
diameter equal to or greater than reservoir 12 1n accordance
with some embodiments. For example, 1n some embodi-
ments, flow blocker 34 has a diameter that 1s in the range of
about 1 to about 5 times the diameter of reservoir 12] In
other embodiments, the flow blocker may have a larger
diameter. The diameter of tlow blocker 34 may, 1n part, be
selected based on the location of flow blocker 34 with
respect to reservolr 12. For example, a larger tlow blocker 34
placed turther from reservoir 12 may have a similar effect as
a smaller tlow blocker 34 placed closer to reservoir 12. In
some embodiments, a flow blocker may not be required for
deposition onto a collector relatively close to the reservorr,
but a flow blocker may be needed for collection at distances
turther from the reservoir (e.g., at distances of greater than
20 cm from the reservoir, at distances of greater than 30 cm
from the reservorir, or at distances of greater than 50 cm from
the reservoir).

FIG. 5A schematically depicts streamlines of gas flow
around the system and the impact of a tlow blocker 34 on the
gas flow. The gas tflows are dominated by the radial and
azimuthal gas flows cause by rotation of the reservoir and
the extrinsic applied gas tlow through a central portion of the
reservoir. In the circulation region, vortices form due to
competition between the centripetal flow from the rapid
rotating reservoir and the entrainment flow of the air jet
blown from the center of the reservoir. The extrinsic flow in
the driving region also entrains a tlow of gas from beyond
the circulation region and upstream of the reservoir and the
flow blocker that flows 1n the following region. Flow blocker
34 may alter (e.g., block) at least some air flow from
upstream of the reservoir and influence the size and shape of
the vortices 1n the circulation region.

FIG. 3B schematically depicts a polymer jet 24 under the
influence of tflow in the centrifugal region where 1t under-
goes centrifugal force due to ejection from the reservoir 1n
the presence of no extrinsic air flow and a resulting fiber 15
in the tension region where 1t 1s entrained by the extrinsic air
flow 30 and 1s subject to tension. In this schematic, the one
or more gas flow sources used to generate the extrinsic air
flow 30 not shown for simplicity.

FIG. 5C schematically depicts an axial view of the
reservoir and 1llustrates that various forces acting on an
¢jected jet of polymer material from the reservoir during the
fiber formation process.

FIGS. 6 A-6C and 7A-7C illustrate the eflect of a flow
blocker 1n accordance with some embodiments. In a non-
limiting example, FIGS. 6 A-6C corresponding to production
of fibers by a rotary jet spinning system 10 for stream fiber
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deposition that does not include tlow blocker 34. In contrast,
FIGS. 7A-7C correspond to the production of fibers by a
rotary jet spinning system 10 for stream fiber deposition that
does include a flow blocker 34. The background subtracted
image during fiber deposition of FIG. 7A shows less turbu-
lence downstream of the reservoir 12 with use of the flow
blocker 34 as compared with the background subtracted
image of FIG. 6 A where a flow blocker was not employed.
In some embodiments, the flow blocker 34 provides addi-
tional control of vortices generated by the flow of gas and
the rotation of reservoir 12, thereby improving control of a
lateral area of deposition of polymer fiber as the fiber travels
towards a target. Fibers extend further before focused ito
stream with a flow blocker shown 1n FIG. 7B. The flow
blocker 34 suppresses the drag region leading to better fiber
morphology. The SEM images of FIG. 6C and 7C compare
morphologies of the resulting fibers. The 1images illustrate
the more uniform fiber diameters and reduced curling of the
fibers for the fibers produced with a flow blocker. Samples
were collected 20 cm downstream from the reservorr.

Although some embodiments of systems are depicted
herein as including a flow blocker, system and methods
described herein need not include, incorporate or employ a
flow blocker or tlow regulator upstream of the reservoir. In
some embodiments, the fiber morphology, distribution, and
fiber alignment 1n the deposition may be acceptable even
without use of a flow blocker. As noted above, 1n some
embodiments, whether a flow blocker 1s needed or 1s
employed may be determined, at least 1n part, on a distance
between the reservoir and a surface on which fibers are
collected.

Although some embodiments are described herein as
having multiple gas flows that converge to a single gas flow
that entrains the fibers and converges and focuses the gas
stream, 1n other embodiments, a single gas tlow directed
along the axis of rotation of the reservoir may be employed.

For some systems and methods described herein, after the
central gas flow focuses the fiber stream down to a waist, the
fiber stream widens proportional to the distance from the
reservoir, as would be predicted for turbulent jet widening.
FIG. 8A 15 a wide field of view 1image formed from multiple
overlaid 1images of fiber streams and 1llustrates this widening
of the fiber stream r_,,_ . with distance from the reservoir Xx.
FIG. 8B 1s a plot of thickness profiles for collection at
different distances from the reservoir. The thickness profiles
show a self-similar scaling with r_,___~0.1 x, which 1s
similar to the self-similar scaling of velocity profiles for
turbulent widening of a jet flow. Thus, downstream of the
stream waist, the stream width increases proportional to the
distance of the collecting target surface from the reservorr.

In some embodiments, a system for rotary jet spinning
with stream fiber deposition 1s configured for conformal
deposition onto 3D features. The confinement of the fiber
stream 1s 1mportant for conformal deposition onto the 3D
features. In terms of length scales, the confinement 1is
characterized by the fiber stream width w, and the 3D feature
of the target for deposition 1s characterized by the local
radius of curvature p as schematically 1llustrated 1n FIG. 9A.
As the fiber stream 1s generated from a random fiber cloud
and 1s constantly perturbed by turbulent fluctuation, the fiber
trajectory undulates inside the stream. If the fiber stream
width 1s much less than the curvature of the target surface,
w<<p, then the target surface 1s eflectively flat for the fiber
stream, and the deposition conforms to the target surface as
schematically depicted in FIG. 9B. If the fiber stream width
1s comparable or less than the curvature of the target surface,
w~p or w>>p, the curvature has a signmificant effect on the
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deposition. If the target surface 1s convex, the fiber wraps
around the target, still resulting 1n a conformal deposition. If
the surface 1s concave, however, the fiber hangs across the
concave part, resulting 1n non-conformal deposition as 1llus-
trated 1n FIG. 9C. In practice, the width of the fiber stream
1s determined by the width of the central gas flow, which
may scale with the diameter of the spinneret, and which
increases linearly with the collection distance. The eflect of
stream width as compared to feature sizes of the target was
illustrated by depositing onto two targets, a 50 cm-tall
female mannequin, and a 15 cm-tall Buddha face replicated
from a 57 century statue from Qingzhou, China using a fixed
stream width of about 6 cm. With the larger feature size,
where the stream width was about the same size as the
feature size on the target, the deposition conformed well to
the body feature of the female mannequin (see FIG. 9D).
With the comparatively smaller feature size where the
stream width was larger than the feature size on the target,
the deposition hardly resolved any facial feature on the
Buddha face (see FIG. 9E). After embossing, the details of
the facial teatures on the Buddha face are revealed (see FIG.
OF). The scale bars on FIGS. 9D-9F are about 6 cm.

In theory, one could scale down the spinning setup to
achieve a smaller stream width for finer feature resolution.
In practice, a smaller stream width usually requires a trade-
ofl between throughput and fiber quality. As turbulent fluc-
tuation constantly perturbs the fibers in the fiber stream, the
chance for fibers to collide and bundles increases as the fiber
density inside the stream increases. Consequently, holding
the same throughput while decreasing stream width leads to
poorer fiber quality because 1t requires greater fiber density.
Alternatively, keeping the fiber density the same for a
smaller stream leads to lower throughput. For targets like the
Buddha face in which the fine features only appear as
shallow undulation on coarse features, a high through-put
deposition could be employed that captures large scale
teatures followed by an embossing (see FIG. 9F).

In some embodiments, alignment of the fiber(s) in the
fiber stream enables systems and methods to control align-
ment of the deposition by varying the deposition angle. It the
fiber stream hits the surface of the target with a tangential
orientation as schematically depicted in the top image of
FIG. 10A, the flow field of the air jet 1s minimally perturbed
by the target and fibers falls onto the target surface as they
fluctuate 1n the stream, preserving their alignment in the
stream. Scanning electron micrograph (bottom leit) and
corresponding Fourier transform (bottom right) images 1n
FIG. 10A of fibers deposited with this deposition angle
confirm the fiber alignment 1n the stream. If the stream hits
the surface of the target at a perpendicular orientation as
depicted in the top image of FIG. 10C, the air jet impinges
on the target and forms a divergent decelerating tlow field,
the opposite of the convergent accelerating field used to
form the stream. Consequently, the fiber buckles and spread
into a random cloud, resulting 1n random deposition with
little to no alignment as shown by the scanning electron
micrograph (bottom left) and corresponding Fourier trans-
form (bottom right) images 1n FIG. 910 of fibers deposited
with this deposition angle. Using an intermediate incident
angle leads to partially aligned deposition as shown in FIG.
10B. In the SEM 1images, scale bars are 20 um. Various
alignment patterns are possible by moving the target relative
to the stream 1n accordance with some embodiments. For
example, collecting on a rotating disk produces a fiber sheet
with rotating alignment through the thickness as illustrated
by FIG. 9D. Collecting on a rotating cylinder produces a
helical alignment as illustrated by FIGS. 10E and 10F. In
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some embodiments, combinations of control of the deposi-
tion angle and target rotation may be employed to create
more complex fiber alignment patterns.

In some embodiments, a rotary jet spinning system may
also 1mclude a second reservoir configured to hold a second
polymer maternial, which may be different than the first
polymer material. In some embodiments, the rotary jet
spinning system may also include second one or more gas
flow sources configured, and the second reservoir and the
second one or more gas flow sources may be configured for
gas flow through the reservoir to form a gas flow down-
stream of the reservoir along a second direction, which may
be substantially parallel to a rotation axis of the second
reservolr, or may be at an angle to the rotation axis of the
second reservoir. The gas flow may entrain and deflect fibers
to form a second fiber stream 1n the second direction. In
some embodiments, the first reservoir and the second res-
ervoir are oriented such that they can both deposit fibers onto
a same target surface simultaneously. All of the features and
aspects described herein with respect to the reservoir 12
would also apply to a second reservoir, and all of the features
and aspects described herein with respect the one or more
gas tlow sources would also apply to the second one or more
gas flow sources.

In some embodiments, the polymer material 1s a polymer
solution and the polymer fiber 1s formed by evaporation of
a solvent from the polymer solution. In some embodiments,
the polymer material 1s a polymer melt and the polymer fiber
1s formed at least partially by solidification due to cooling.
Additional details regarding rotary spinning systems, such
as reservoirs, spin speeds, orifice diameters, polymers, poly-
mer solutions, and other polymer materials, such as polymer
melts, may be found i U.S. Patent No. 2013/0312638,
which 1s incorporated by reference herein in its entirety.

In some embodiments, a rotary jet spinmng system 105
for stream deposition may employ a polymer material that
requires cross-linking, precipitation, or coagulation for fiber
formation. In some such embodiments, a rotating target 102
that that 1s at least partially submerged 1n a precipitation,
coagulation, or cross-linking bath 104 may be exposed a
stream of the polymer material (see FIG. 11A). Additional
details regarding precipitation, coagulation, or cross-linking
baths and wet rotary jet spinning systems and methods may
be found 1n U.S. Patent Publication No. 2015/0354094, the
entire content of which 1s mncorporated herein by reference.

In some embodiments, the polymer material may include
a polymer melt and a system 105 may include a heater 204
(e.g., a syringe heater) for heating the polymer matenal prior
to delivery to the reservoir (see FIG. 11B). The system 1056
may additionally or alternatively include a reservoir heater
204 for heating the polymer material while it 1s in the
reservoir. As depicted in FIG. 11B, the reservoir heater may
be an infrared spot heater 1n some embodiments.

In some embodiments, a rotary jet spinning system for
stream fiber deposition 10¢ may configured as a handheld
device, as depicted 1n FIG. 11C.

In some embodiments, a system 104 may include multiple
rotary jet spinning systems for fiber deposition, which may
be depositing fibers onto a targets being linearly transported,
such as on a conveyor belt 302 as shown 1n FIG. 11D. In
some embodiments, a system or a plurality of rotary jet
spinning systems may be adapted for use in a production
line.

In some embodiments, the systems are configured for
deposition of fibers having an average diameter of less than
10 um. In some embodiments, the systems are configured for
deposition of fibers having an average diameter of less than
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5 um. In some embodiments, the systems are configured for
deposition of fibers having an average diameter of less than

3 um. In some embodiments, the systems are configured for
deposition of fibers having an average diameter of less than
2 um.

Embodiments include methods of depositing micron or
nanometer dimension fibers onto a surface of a target. Some
embodiments of methods are described herein with respect
to the system 10 depicted in FIGS. 3A-3G solely for
illustrative purposes; however, one of ordmary skill of the
art 1n view of the present disclosure will appreciate that other
systems can be employed with methods described herein. In
some embodiments, a method includes rotating a reservoir
12 having an outer sidewall 18 and at least one orifice 22
about a rotation axis 21 to eject a jet 24 of a polymer material
from the at least one orifice 22 which solidifies to form a
polymer fiber 15. During rotation of the reservoir 12 and
¢jection of the polymer material jet 24 to form the polymer
fiber, at least one flow of gas, e.g., flow 30q, tlow 305, tlow
30c or flow 30, 1s directed through a portion of the reservoir
radially inward from the outer sidewall 18 of the reservoir 12
from an upstream end 14 of the reservoir to a downstream
end 16 of the reservoir, entraining the polymer fiber 24 with
the at least one flow of gas 30 and forming a focused fiber
deposition stream. The focused fiber deposition stream 1s
collected on a target surface to form the polymeric fiber
material. In some embodiments, the focused fiber deposition
stream flows 1n a first direction that 1s about parallel to a
rotation axis of the reservoir. In some embodiments an
orientation of the first direction 1s within 20 degrees of the
rotation axis of the reservoir, within 10 degrees or within 3
degrees of the rotation axis of the reservoir. In some embodi-
ments, the at least one tflow of gas 1s a plurality of flows of
gas 30a, 30b, 30c¢ that converge and combine to form a
combined gas tlow 30 1n the first direction (see FIG. 3F). In
some embodiments, the reservoir includes at least one
aperture 20a, 205, 20c radially mward of the sidewall that
cnables the at least one flow of gas to flow through the
reservoir.

In some embodiments, the fibers deposited have an aver-
age diameter of less than 10 um. In some embodiments, the
fibers deposited have an average diameter of less than 5 um.
In some embodiments, the fibers deposited have an average
diameter of less than 3 um. In some embodiments, the fibers
deposited have an average diameter of less than 2 um.

Systems and methods described herein may be employed
for many different uses and purposes. For example, as a
non-limiting list, systems and methods may be employed for
the production of composite materials, for tissue engineering,
(e.g., for cell or tissue scaflolds), or for garment design.
Some embodiments are particularly well suited for forma-
tion of structures having complex three-dimensional shapes
and/or complex fiber alignments. The capability to control
both the 3D shape and the alignment of the fiber deposition
can 1mpact various areas where structured fibrous material 1s
involved, such as fashion design, composite materials, and
tissue engineering.

Example—Engineered Heart Ventricles

A tissue scaflold for engineered heart ventricles was
produced to demonstrate the capabilities of some embodi-
ments described herein. The ventricles are two heart cham-
bers responsible for pumping blood pumping. The ventricles
are made of layers of highly aligned cardiomyocytes that
wrap 1n a helical fashion. The helical angle rotates from 435°
to —45° through the thickness of the ventricle walls. The
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complex helical arrangement of cardiomyocytes are sup-
ported by a fibrous extracellular matrix (ECM), which
primarily consists ol hierarchical collagen fibers whose
diameters range from tens of nanometers to a few microns.
Reconstructing this fibrous ECM 1s regarded as a key
challenge 1n cardiac tissue engineering. Prior eflorts to
reconstruct the fibrous ECM of ventricles have included
numerous effort including, tissue decellulanization, random
fiber deposition, and 3D printing. But these eflorts are still
limited by the trade-ofl between fine fiber, complex struc-
ture, and high-throughput.

A four-step spinning procedure was employed to replicate
the simplified tri-layer helical dual ventricle model as sche-
matically depicted in FIG. 12A. The fiber diameter was
selected to be a few microns, similar to the diameter of
epimysial fibers 1n heart ECM. In step one a stream of fibers
was deposited onto a rotating mandrel shaped like the left
ventricle with the mandrel at an angle of 45 degrees with
respect to the deposition stream. In step two, a stream of
fibers was deposited onto the rotating leit ventricle mandrel
with the left ventricle mandrel perpendicular to the fiber
stream. In step three, fibers were deposited onto a rotating
mandrel shaped like the right ventricle with the right ven-
tricle mandrel at an angle of 45 degrees with respect to the
deposition stream. In step 4, the left ventricle mandrel and
the right ventricle mandrel were positioned together to form
a combined mandrel and fibers were deposited over the
rotating combined mandrel and over the previously depos-
ited layers of fibers at an angle of —45 degrees to the fiber
stream.

The realization of these design features was verified by
direct measurement and by with micro-CT imaging. FIG.
12B i1s an image of the combined mandrel with the previ-
ously deposited fiber layers and FIG. 12C 1s an 1image of the
combined mandrel after deposition of the layer of fibers at
an angle of —45 degrees to the fiber stream.

FIG. 12C 1s a micro CT 1mage of a section of the resulting
deposited fiber structure. FIG. 12D 1s a micro CT 1mage of
the septal region between the two ventricles showing the
varying helical angles. FIG. 12E 1s a detail of the image of
the septal region also showing the varying helical angles.

Approximating language, as used herein throughout the
specification and claims, may be applied to modily any
quantitative or qualitative representation that could permis-
sibly vary without resulting 1n a change 1n the basic function
to which 1t 1s related. Accordingly, a value modified by a
term such as “about” or numerical ranges 1s not to be limited
to a specified precise value, and may include values that
differ from the specified value. In at least some 1nstances, the
approximating language may correspond to the precision of
an strument for measuring the value.

While the disclosure has been described in detail 1n
connection with only a limited number of aspects and
embodiments, 1t should be understood that the disclosure 1s
not limited to such aspects. Rather, the disclosure can be
modified to incorporate any number of variations, altera-
tions, substitutions, or equivalent arrangements not hereto-
fore described, but which are commensurate with the scope
of the claims. Additionally, while various embodiments of
the disclosure have been described, 1t 1s to be understood

that aspects of the disclosure may include only some of the
described embodiments. Accordingly, the disclosure 1s not to
be seen as limited by the foregoing description, but 1s only
limited by the scope of the appended claims.
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We claim:

1. A system for focused directional deposition of one or
more micron or nanometer dimension polymeric fibers, the
system comprising;:

a reservoir configured to hold a matenal including a
polymer and rotatable about a rotation axis, the reser-
volr including:

a first end;

a second end opposite the first end;

an outer sidewall extending from the first end to the
second end, a shape of the reservoir including one or
more apertures disposed radially mnward from the
outer sidewall of the reservoir that are configured to
enable a gas to move through the reservoir from the
first end to the second end; and

one or more orifices formed 1n the outer sidewall, each
of the one or more orifices configured for ejection of
the material radially outward through the orifice as
an ejected jet during rotation of the reservoir; and

one or more gas tlow sources, each configured to direct
a flow of gas from upstream of the first end of the
reservolr through the one or more apertures of the
reservolr from the first end to the second end of the
reservolr and downstream of the second end of the
reservoir during rotation of the reservoir, the one or
more gas tlow sources collectively forming a com-
bined gas tlow 1n a first direction downstream of the
second end of the reservoir that entrains and deflects
the one or more ejected jets to form a focused stream
of the one or more micron or nanometer dimension
polymeric fibers 1n a first direction, the first direction
having an orientation that 1s within 5 degrees of the
rotation axis of the reservorr.

2. The system of claim 1, wherein the one or more gas
flow sources comprise a plurality of gas tlow sources having
a converging orientation to form the combined gas flow 1n
the first direction.

3. The system of claim 1, wherein a total gas flow rate
from the one or more gas tlow sources 1s controllable to
change a distance from the reservoir at which the stream of
the micron or nanometer dimension polymeric fiber has the
tightest focus.

4. The system of claim 2, wherein the plurality of gas flow
sources comprises three gas flow sources.

5. The system of claim 1, wherein the first direction 1s
within 2 degrees of the axis of rotation.

6. The system of claim 1, wherein the first direction 1s
substantially parallel to the axis of rotation.

7. The system of claim 1, wherein the focused stream of
the one or more micron or nanometer dimension polymeric
fiber has a stream width smaller than a diameter of the outer
sidewall of the reservorr.

8. The system of claim 1, further comprising a flow
blocking structure disposed upstream of the plurality of gas
flow sources and configured to reduce an eflect of airtlow
upstream of the plurality of gas flow sources on focusing of
the stream of the micron or nanometer dimension polymeric

fiber.
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9. The system of claim 8, wherein the flow blocking
structure 1s stationary and does not rotate with the reservoir.

10. The system of claim 1, wherein the one or more gas
flow sources are configured to enable control of a rate of
flow of the gas to focus a lateral area of deposition of the
micron or nanometer dimension polymeric fiber as the fiber
travels toward a target.

11. The system of claim 1, further comprising a target
rotation system configured to rotate a three dimensional
target during deposition to deposit the fiber on more than one
side of the target.

12. A method for formation and deposition of at least one
micron or nanometer dimension polymeric fiber, the method
comprising;

rotating a reservoir holding a material comprising a

polymer about a rotation axis to eject at least one jet of
material from at least one orifice defined by an outer
sidewall of the reservoir:

directing at least one flow of gas through a portion of the

reservoir radially imnward of the outer sidewall, the at
least one flow of gas directed from an upstream first end
of the reservoir to a downstream second end of the
reservolr during rotation of the reservoir and ejection of
the at least one jet of the material to form at least one
micron or nanometer dimension polymeric fiber, the at
least one tlow of gas entraining the at least one micron
or nanometer dimension polymeric fiber and forming a
focused fiber deposition stream of the at least one
micron or nanometer dimension polymeric fiber 1n a
first direction, the first direction having an orientation
of within 5 degrees of the rotation axis of the reservoir;
and

collecting the focused fiber deposition stream on a target

surface.

13. The method of claim 12, wherein the first direction 1s
substantially parallel to the rotation axis of the reservorr.

14. The method of claim 12, wherein the at least one flow
of gas comprises a plurality of flows of gas that converge and
form a combined gas tflow 1n the first direction.

15. The method of claim 12, wherein the focused fiber
deposition stream has a substantially tangential ornentation
to the target surface during fiber collection.

16. A method of forming a three dimensional tissue
scallold comprising performing the method of claim 12,
where the target surface 1s a three dimensional shape for a
tissue scaflold.

17. The method for forming the three dimensional tissue
scaflold of claim 16, further comprising rotating the target
for deposition on more than one side of the three dimen-
sional shape.

18. The method of claim 12, further comprising at least
partially blocking flow of gas from upstream of the reservoir
to reduce an eflect of airflow upstream of the plurality of gas
flow sources on focusing of the fiber deposition stream of the
at least one micron or nanometer dimension polymeric fiber.

19. The method of claim 12, wherein the target surface 1s
moved linearly during deposition of the fiber.
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